Osteonecrosis of the jaws (ONJ) is a rare but severe complication of antiresorptive medications, such as bisphosphonates, used in the treatment of bone malignancy or osteoporosis. Tooth extraction and dental disease have been strongly associated with ONJ development. Here, we investigated molecular and cellular markers of socket healing after extraction of healthy or teeth with experimental periodontitis (EP) in Wistar-Han rats treated with zoledronic acid (ZA). We included 4 experimental groups: vehicle-treated animals with extraction of healthy teeth or teeth with ligature-induced EP and ZA-treated animals with extraction of healthy teeth or teeth with EP. Animals were pretreated with vehicle or ZA for a week, and EP was induced. Four weeks later, the second maxillary molars were extracted; sockets were allowed to heal for 4 wk; animals were euthanized; and maxillae were isolated. Radiographically, extraction sockets in groups 1, 2, and 3 demonstrated normal healing. Contrary incomplete socket healing was noted after extraction of teeth with EP in ZA-treated rats of group 4. Histologically, persistent inflammation and extensive osteonecrosis were seen in group 4. Disorganization of the collagen network, collagen type III predominance, and lack of collagen fiber insertion in the necrotic bone were associated with impaired socket healing. Cells positive for MMP-9, MMP-13, and α-SMA expression were present at the areas of epithelial invagination and adjacent to osteonecrotic bone. Importantly, human biopsies from patients with ONJ showed similar findings. Our data emphasize the importance of dental disease and tooth extraction in ONJ pathogenesis and help delineate an altered profile in wound-healing markers during ONJ development.
Introduction
Osteonecrosis of the jaws (ONJ) is a rare but severe complication of antiresorptive medications, specifically bisphosphonates and receptor activator of nuclear factor kappa-B ligand (RANKL) inhibitors, or antiangiogenic medications (Ruggiero et al. 2014; Allen 2015) . Duration, dose, and potency of antiresorptives, as well as concomitant diseases and additional medications, are known to increase the incidence and severity of ONJ. However, the detailed pathophysiologic mechanisms of ONJ remain poorly understood, largely due to its low incidence and the proposed conservative treatment protocols that do not allow extensive sampling. Animal models provide significant insight but need to be critically considered, since bone homeostasis of experimental animals and interventional approaches do not always parallel clinical scenarios (Khan et al. 2015) . Altered inflammatory response, infection, defective angiogenesis, bisphosphonate toxicity to soft tissues, increased turnover of alveolar bone, oversuppression of bone remodeling, and genetic predisposition might contribute to ONJ pathophysiology (Yamashita and McCauley 2012) .
ONJ may occur spontaneously, underneath a denture or at areas with periodontal or periapical infection. However, the most common local instigating factor for ONJ development is trauma, particularly tooth extraction (Ruggiero et al. 2004; Manfredi et al. 2017) . Teeth in adults are mainly extracted due to periodontal or pulpal disease (Chrysanthakopoulos 2011) . Clinical studies support an association between dental disease with ONJ occurrence (Fung et al. 2017) , while dental preventive measures reduce ONJ incidence (Dimopoulos et al. 2009 ).
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Extraction socket healing involves several cellular processes and the interplay of soft tissue and bone healing. The wound/ socket-healing process is divided into inflammatory, proliferative, and modeling/remodeling phases (Gosain and DiPietro 2004; Olczyk et al. 2014) . Early events include hemostasis, formation of a provisional wound matrix, and neutrophil and monocyte infiltration. In the proliferation phase, granulation tissue forms, and the vascular network is restored. Layers of woven bone are deposited adjacent to the socket borders. Finally, in the modeling/remodeling phase, changes occur in the connective tissue and bone architecture, including replacement of woven with lamellar bone and bone marrow (Araújo et al. 2015) .
Animal models reproduce clinical, radiographic, and histologic features of ONJ (Aguirre et al. 2012; Kang et al. 2013; Williams et al. 2014) . Zoledronic acid (ZA), a potent bisphosphonate, or RANKL inhibitors and periapical or periodontal disease cause osteonecrosis of alveolar bone in rats and mice (Aghaloo et al. 2011; Aghaloo et al. 2014; de Molon et al. 2014) . These findings led us to hypothesize that in antiresorptivetreated animals, extraction of teeth with experimental periodontitis (EP) and thus with preexisting osteonecrosis would result in compromised socket healing and progression of ONJlike findings. Indeed, extraction of teeth with spontaneous periradicular disease but not healthy (H) teeth in mice treated with ZA or a RANKL inhibitor induced clinical bone exposure and osteonecrosis (Soundia et al. 2016) .
Although socket healing is delayed in tooth extraction sites of most human patients receiving strong antiresorptives, ONJ occurs in only a fraction of such tooth extractions (Ruggiero et al. 2014 ). An improved understanding of this topic-especially concerning preexisting circumstances that increase the risk that a specific tooth extraction will lead to ONJ-is of great clinical importance. The focus of our studies herein is to investigate changes in socket-and wound-healing markers (areas with positive expression of type III collagen and cells with positive expression of matrix metalloproteinases MMP-9 and MMP-13, and α-SMA) after extraction of H teeth or teeth with preexisting EP in vehicle (veh)-or ZA-treated rats.
Materials and Methods
Animal Care
Forty-five rats were randomly assigned to receive saline (veh) or 200 μg/kg of ZA (LKT Laboratories) intraperitoneally, 2 times per week in the morning. At time of injection, body weight was recorded for all animals.
Rats received veh or ZA for a week, and 4.0 silk ligatures were placed around the left maxillary second molar to induce EP. Of 22 veh-treated rats, 10 received molar ligation, and 12 (12 of 22) did not. Of 23 ZA-treated animals, 11 received molar ligation, and 12 did not. Four weeks later, in vivo microcomputed tomography was performed, and the following day, the first and second maxillary molars were extracted. Thus, our study included 1) veh-H and veh-EP groups-veh-treated animals with extraction of H teeth or teeth with EP; 2) ZA-H and ZA-EP groups-ZA-treated animals with extraction of H teeth or teeth with EP. Four weeks after tooth extraction, without discontinuation of veh and ZA treatment, rats were euthanized utilizing CO 2 .
Specimen Scanning
Deidentified maxillae were imaged, as described (de Molon et al. 2014) .
Radiographic Assessment of Socket Healing
Qualitative and quantitative radiographic assessment details are provided in the Appendix. Examples of normal, partial, and limited socket healing are seen in Appendix Figure 1 .
Histology and TRAP Staining
Histology and tartrate-resistant acid phosphatase (TRAP) details are provided in the Appendix. All specimens were stained with a picrosirius red stain kit (Polysciences Inc.) and visualized under bright field and polarized light.
Immunohistochemistry
Anti-collagen I (ab34710), anti-collagen III (ab7778), anti-MMP-9 (ab38898), anti-MMP-13 (ab39012), and anti-α-SMA (ab5694) antibodies (ABCAM) were used.
Human Specimens
Anonymous unstained slides and associated nonidentifiable clinical information from 2 cases with histologic diagnosis of ONJ were received from records of the University of California, Los Angeles (UCLA) School of Dentistry. The first patient was a 70-y-old woman with Fosamax treatment, recent extractions, and drainage of the upper left maxilla. The second patient was a 68-y-old woman with intravenous ZA history and chronic bone exposure in the right posterior mandible. Hematoxylin and eosin and immunohistochemistry staining was performed for both patients.
Statistics
The experimental unit was a single animal. Data were analyzed with GraphPad Prism (GraphPad Software, Inc.). Descriptive statistics (mean and SEM), a 2-way analysis of variance for multiple comparisons, and Fisher exact test for socket healing were used.
Results
Radiographic Findings
In vivo micro-computed tomography scanning revealed similar bone appearance around the second molar of veh or ZA animals without ligature. In veh rats, ligature caused periodontal bone loss (Appendix Fig. 2A , white arrows). In ZA rats, bone loss around molars with ligature was significantly greater than nonligated molars but attenuated versus veh animals (Appendix Fig. 2A , white arrows, B).
To assess the ZA effect on alveolar morphology, bone volume/ total volume (BV/TV) of the mandibular trabecular bone was measured, which showed a significant increase in ZA animals (Appendix Fig. 3A ). In the maxillae of these animals, woven bone filled the sockets of veh-H and veh-EP animals (Fig. 1A , white arrows). In ZA-H animals, woven bone occupied the socket. In ZA-EP animals, impaired socket healing was noted (Fig. 1A , white arrowheads). Qualitative (Fig. 1B ) and quantitative ( Fig. 1C ) assessment demonstrated significantly compromised socket healing of ZA-EP animals. These animals also demonstrated decreased BV/TV of the second molar socket (Appendix Fig. 3B ).
Histologic Findings
Histologically, veh-H and veh-EP animals showed socket filling with woven bone (Fig. 1D , blue arrows), presence of prominent reversal lines, and a pronounced periosteum at the alveolar crest (green arrows). The mucosa consisted of keratinized epithelium, dense connective tissue, and a lack of marked inflammatory infiltrate (yellow arrows). ZA-H animals demonstrated filling with woven bone (Fig. 1E , blue arrows) and prominent reversal lines. The original socket borders were easily discernible (white arrows). The mucosa consisted of keratinized epithelium and a lamina propria with a dense connective tissue lacking a marked inflammatory infiltrate. In contrast, ZA-EP animals showed impaired bone healing, epithelial invagination, and osteonecrotic areas with empty osteocyte lacunae (black arrows). A marked inflammatory infiltrate was noted in the nonhealing socket adjacent to osteonecrotic areas, extending into the submucosa and the basal epithelial layer (aqua arrows). The percentage empty osteocyte lacunae (Fig.  1F) , the absolute number of empty osteocyte lacunae in the alveolar bone (Appendix Fig. 3C ), and the area of osteonecrosis (Fig. 1G) were significantly increased.
Osteoclast number was significantly increased in the EP versus H groups in both veh and ZA rats. As previously reported (de Molon et al. 2015) , the number of osteoclasts normalized to bone area (Fig. 1H ) and the absolute osteoclast number in the alveolar ridge (Appendix Fig. 3D ) were significantly elevated in the ZA versus veh groups. However, the osteoclasts in the ZA groups demonstrated altered round morphology with pyknotic nuclei and appeared detached from the bone surface.
Picrosirius red staining revealed differences in collagen organization among the groups. In veh-H and veh-EP animals, collagen fibers extended from the lamina propria, just below the epithelium into the alveolar bone, forming a dense, wellorganized network ( Fig. 2A, A1, A2 , B, B1, B2, aqua arrows). Collagen fiber birefringence had a yellow signal, suggestive of collagen type I prevalence (Junqueira et al. 1986) . In ZA-H animals, collagen fibers were markedly dense, maintained insertion in the alveolar bone, and demonstrated a yellow signal (Fig. 2C, C1 , C2, aqua arrows). In contrast, ZA-EP animals revealed collagen fibers with an overall green birefringence, suggesting collagen type III predominance (Junqueira et al. 1986 ; Fig. 2D , D1, D2, green arrows). These collagen bundles did not extend into the alveolar bone (Fig. 2D2 , magenta arrows); signal absence (yellow arrows) was noted bordering the areas of osteonecrosis.
Immunohistochemical Findings in Rats
Collagen type I immunostaining was evident in all groups. As expected, no staining was present in regions of marked inflammatory infiltrate adjacent to areas of osteonecrosis (Appendix Fig. 4) .
For veh-H, veh-EP, and ZA-H animals, collagen type III immunoreactivity was noticeable underneath the epithelium (Fig. 2E -G, white arrows) and faint and diffuse in the remaining submucosa to the bone level (Fig. 2E1, F1, G1 ). However, in the ZA-EP animals, a pronounced collagen type III signal was noted (Fig. 2H, H1 ): the signal was especially prominent below the epithelium (white arrow) around osteonecrotic bone (blue arrow), and adjacent to inflammation (green arrows) and epithelial invagination (red arrows).
MMP-8, MMP-9, and MMP-13 are molecules that can modify matrix structure. No expression of MMP-8 was detected (not shown). MMP-9 positive cells were mostly observed in ZA-EP rats (Fig. 3D, D1a , D1b, D2a, D2b arrows, I). Significantly more positively immunoreactive cells were noted within the epithelium at areas of epithelial invagination (Fig. 3D1a, D2a , magenta arrows) and around areas of osteonecrosis (Fig. 3D1b, D2b, green arrows) .
Few weakly immunostained MMP-13 cells were seen in the periosteum at the extraction site but not in the submucosal area of veh-H, veh-EP, and ZA-H animals (Fig. 3E, E1, E2, F, F1 , F2, G, G1, G2). In socket-healing areas, MMP-13 immunoreactivity was noted along the reversal lines and the bone-bone marrow interface (Fig. 3E-G, blue arrows) . However, in ZA-EP rats MMP-13 immunostain was significantly increased (Fig.  3J ). Positive cells were localized within epithelium in areas of epithelial invagination (Fig. 3H, H1a , H2a, magenta arrows). Exuberant MMP-13 staining was noted at areas of inflammation and peripheral to the necrotic alveolar ridge (Fig. 3H, H1b , H2b, green arrows). Select MMP-13-positive osteocytes were seen adjacent to osteonecrotic areas (Fig. 3H1b, black arrows) .
We finally tested α-SMA, a cytoskeletal scaffold protein expressed in myofibroblasts (Hinz et al. 2001) . Veh animals demonstrated low α-SMA signal, confined to blood vessel walls (Fig. 4A, A1, A2 , B, B1, B2, white arrows). In ZA-H animals, α-SMA signal was also present on vessel walls (Fig.  4C, C1 , C2, white arrows). Few scattered positive cells were dispersed in the submucosa (Fig. 4C1, C2 , yellow arrows) and marrow spaces. However, no statistical difference from the veh groups was detected (Fig. 4E) . Interestingly, significantly increased numbers of α-SMA positive cells were noted in the submucosa of ZA-EP animals localized around blood vessels but also adjacent to necrotic bone (Fig. 4D, D1 , D2, green arrows, E). Qualitative and quantitative assessment of socket healing after extraction of healthy or diseased teeth in various treatment groups. Representative hematoxylin and eosin-stained images from maxillae of all groups: alveolar ridges of vehicle (D) or ZA (E) treatment animals after extraction of healthy or diseased teeth, viewed at 4× and 20× magnification. Yellow arrows point to absence of inflammation in the connective tissue, green arrows to the periosteum, blue arrows to the healing of the original extraction socket, white arrows to the original socket outline, aqua arrows to inflammatory infiltrate, and black arrows to osteonecrotic areas. (F-H) Quantification of osteonecrotic area and empty osteocyte lacunae and number of TRAP + cells per bone area respectively. For all statistical comparisons: **P < 0.01. ***P < 0.001. ****P < 0.0001. Differences among groups were calculated by 2-way analysis of variance for multiple comparisons. Data represent mean ± SEM. For qualitative socket healing, differences among groups were calculated by Fisher exact test. ) and 10× (A2, B2, C2, D2) magnification. Aqua arrows point to yellow birefringence signal, green arrows to green birefringence signal, yellow arrows to absence of signal, and magenta arrows to lack of signal extension into the alveolar bone. Collagen type III immunohistochemistry of maxillary sockets in vehicle (E, E1, F, F1) or ZA (G, G1, H, H1) treatment animals after extraction of healthy (E, E1, G, G1) or diseased (F, F1, H, H1) teeth, viewed in 10× (E-H) or 20× (E1, F1, G1, H1). White arrows point to positive signal underneath the epithelium, blue arrows to signal adjacent to osteonecrotic bone, green arrows to positive signal near inflammation, and red arrows to positive signal adjacent to epithelial invagination.
Immunohistochemical Findings in Patient Specimens
To investigate whether the same markers were relevant in a patient setting, we explored collagen type III, MMP-13, and α-SMA presence in ONJ patient specimens (Fig. 5) . Adjacent to osteonecrotic areas (blue arrows), high levels of collagen type III in the extracellular matrix (red arrows), as well as cells positive for expression of MMP-13 (yellow arrows) and α-SMA (magenta arrows) were noted. Blood vessel walls also demonstrated α-SMA immunoreactivity (white arrows). E2, F-F2 ) or ZA (G-G2, H, H1a, H1b, H2a, H2b) treatment animals after extraction of healthy (E, E1, E2, G, G1, G2) or diseased (F, F1, F2, H, H1a, H1b, H2a, H2b) teeth, viewed at 10× (E-H), 20× (E1, F1, G1, H1a, H1b) or 40× (E2, F2, G2, H2a, H2b) magnification. Blue arrows point to positive signal in areas of reversal lines, magenta arrows to positive cells around epithelial invagination, and green arrows to positive cells at inflammatory areas and adjacent to necrotic bone. Quantification of (I) MMP-9 and (J) MMP-13 positively immunostained cells. D, diseased; H, healthy. *P < 0.05. ****P < 0.0001. Differences among groups were calculated by 2-way analysis of variance for multiple comparisons. Data represent mean ± SEM.
Discussion
In rodents treated with antiresorptives, dental disease can induce radiographic and histologic ONJ-like lesions (Aghaloo et al. 2011; Kang et al. 2013; de Molon et al. 2014) , while subsequent extraction of diseased but not H teeth results in clinically exposed bone in mice (Soundia et al. 2016) . Here, we investigated alveolar ridge healing in veh-or ZA-treated animals after extraction of H or EP teeth in a larger animal, the rat. First, we established that ligature placement induced experimental periodontal bone loss by in vivo micro-computed tomography. This important step confirmed the effectiveness of ligature placement to induce periodontal bone loss. Radiographic assessment revealed that extraction of teeth with EP in ZA animals but not in other groups resulted in impaired osseous healing of extraction sockets after 4 wk. Histology confirmed these findings and established extensive alveolar osteonecrosis and inflammatory infiltrate adjacent to necrotic areas, pointing to a temporal association between the inflammatory environment and osteocyte death.
Consequently, the main focus of our studies was to investigate potential changes in socket-and wound-healing markers among the 4 treatment groups. We explored extracellular matrix changes that might be associated with the observed structural differences around necrotic areas. Collagen, the major extracellular matrix component (Cuttle et al. 2005) , acts as a structural scaffold in tissues, while during wound healing, it modulates cell proliferation and migration (Tracy et al. 2016) . Type III collagen is an important ECM component and the predominant collagen during early phases of wound healing, synthesized by fibroblasts in the granulation tissue (Olczyk et al. 2014) . With maturation and wound closure, type III collagen undergoes degradation, while type I collagen synthesis increases (Olczyk et al. 2014) . Chronic inflammatory processes, such as dermatitis or myocardial inflammation, are associated with increased type III expression (Pauschinger et al. 1998; Hirota et al. 2003) . Persistence of type III collagen paralleled presence of inflammation and osteonecrosis in the ZA-EP animals. Interestingly, areas where type I collagen immunostaining decreased and type III collagen increased coincided with weak picrosirius red birefringence.
During wound remodeling and maturation, extracellular matrix undergoes continuous modifications. MMPs can degrade ECM components, growth factors, and cytokines (Li et al. 2016 ). MMP-9 and MMP-13, in particular, play key roles in the periodontium and alveolar bone homeostasis during health and disease (Hernández Ríos et al. 2009; Honibald et al. 2012) . MMP-9-and MMP-13-positive cells were abundantly present in ZA-EP rats at inflamed sites around necrotic bone and within the epithelium. Importantly, select MMP-13-positive osteocytes were noted adjacent to osteonecrotic areas, probably as a result of osteocyte activation.
Progressive wound healing depends on the coordinated function of several cell populations. Among them, myofibroblasts, characterized by the presence of α-SMA-positive stress fibers, play a central role in wound tissue closure through their capacity to produce a strong contractile force in later healing stages (Hinz et al. 2001) . As healing progresses, the myofibroblastic population decreases (Wynn and Ramalingam 2012) . Persistent presence of myofibroblasts is associated with pathologic conditions, such as hypertrophic scarring and cardiac or lung fibrosis (Slemp and Kirschner 2006; Chistiakov et al. 2016; Pardo and Selman 2016) . In our studies, the marked increase of α-SMA-positive cells in close proximity to the inflammatory infiltrate and to the necrotic bone in ZA-EP animals suggests prolonged presence of the myofibroblastic population.
In these experiments, we did not observe consistent exposure of necrotic bone. Although there were many animals with clinically apparent mucosal defects in the ZA-EP group, an epithelial layer was present. Presence of epithelial invagination toward the necrotic area was noted, suggesting that a longer period might have allowed for epithelial migration to the bone surface. Alternatively, other parameters might be necessary, such as infection by specific microbes, genetic predisposition, systemic disease, or concomitant treatment interventions that might compromise soft tissue responses. Our findings resemble stage 0 ONJ in patients, where necrotic bone is not clinically exposed (Ruggiero et al. 2014) . Interestingly, in our previous study of extraction of teeth with periradicular disease in mice, we observed bone exposure in ZA animals (Soundia et al. 2016) . Differences of animal species (mice vs. rats), duration of ZA treatment (12 vs. 8 wk), and spontaneous periradicular versus EP lesions might account for this discrepancy.
The tissue formation phase of wound healing follows the inflammatory phase and is characterized by the development of granulation tissue. Subsequently, at the maturation phase, granulation tissue develops into fibrotic tissue, marked by replacement of the provisional matrix with collagen (Lucas et al. 2010 ). Our findings suggest excessive retention of granulation tissue in the ZA-EP animals, while resolution of granulation tissue and healing occurred in all other groups. Failure of granulation tissue resolution reflects a defective woundhealing process. In the ZA-EP animals, the presence of inflammatory infiltrate around large areas of osteonecrosis, the lack of an organized collagen network without fiber insertion in the necrotic bone, and epithelial invagination suggest a compromise of socket healing beyond granulation tissue retention. Whether the composition of the granulation tissue around the osteonecrotic areas is unique to the ZA animals or similar to the granulation tissue during normal socket healing warrants further investigation. Some limitations need to be considered in translating our findings toward human disease. We used only male rats to parallel our previous observations (Aghaloo et al. 2011 ). However, sex differences might affect socket healing. Although rodents provide useful animal models to study bone diseases, including ONJ, they demonstrate differences in skeletal homeostasis when compared with humans (Frost and Jee 1992) . In our studies, we used a ZA dose of 200 μg/kg, which is 3 times greater than the dose for a patient with bone malignancy (Ruggiero et al. 2014) . We elected to utilize this higher dose to increase the prevalence of the disease and generate more prominent tissue responses. It should be noted that ONJ incidence in cancer patients appears to plateau between 2 and 3 y of treatment (Ruggiero et al. 2014) or 24 to 36 ZA infusions. The animals in our study received 18 ZA injections, which is within the clinically relevant treatment regimen. Finally, our studies included a single observational time point. It would be important to expand these studies for multiple points and longer periods such that socket healing in ZA animals could be characterized in more detail.
Importantly, our observations in rats were replicated in biopsy specimens from patients with clinically, radiographically, and histologically diagnosed ONJ, thus supporting the potential significance of our findings. Clinical studies with larger numbers of human samples focusing on markers of socket healing could begin delineating the process of ONJ pathogenesis in patients.
Collectively, our data point to the disruption of the physiologic process of wound healing during the extraction of teeth with periodontitis in the presence of bisphosphonates. The prolonged presence of inflammatory cells in the healing alveolar ridge, the predominance of a type III collagen-rich matrix, increased MMP-9 and MMP-13 expression in resident and inflammatory cells, and persistence of a prominent myofibroblastic population were key observations that could underlie ONJ pathophysiology. Representative collagen type III (COL III), MMP-13, and α-SMA immunohistochemistry of human biopsies in 2 women (68 and 70 y old) with a history of osteonecrosis of the jaws after Fosamax or intravenous zoledronic acid treatment. Blue arrows point to necrotic bone, red arrows to positive COL III signal in the matrix around the areas of osteonecrosis, yellow arrows to cells with positive signal for MMP-13 immunostain adjacent to osteonecrotic areas, magenta arrows to cells with positive signal for α-SMA immunostain in the proximity of necrotic bone, and white arrows to positive signal at the walls of blood vessels.
